Animal cells contain several systems for protein breakdown that serve distinct functions (Goldberg & St. John, 1976; Hershko & Ciechanover, 1982) . Lysosomes appear responAbbreviation used: MNA 3-methoxy-/?-naphthylamide sible for the degradation of phagocytosed materials and most membrane proteins (e.g. hormone receptors); they also are important in breakdown of many long-lived cytosolic proteins, especially in non-growing cells and in certain pathological states (e.g. starvation). In addition, animal cells contain a soluble proteolytic pathway dependent on ATP that seems responsible for the selective elimination of many short-lived enzymes and of proteins with highly abnormal structures, as may result from mutations, biosynthetic errors or postsynthetic damage (Goldberg & St. John, 1976 , Hershko & Ciechanover, 1982 . In addition, our recent investigations have demonstrated the existence of another proteolytic system within mammalian mitochondria.
In our studies we attempted to learn how certain proteins within mitochondria may be selectively eliminated. even though they appear inaccessible to direct attack by lysosomal or cytoplasmic proteinases. In recent years, it has become clear that mitochondria, like other cellular elements, are highly dynamic structures, and that the maintenance of mitochondrial structure and function requires the continuous insertion and removal of proteins from these organelles. For example, the mean half-lives of proteins differ in the several mitochondrial compartments (Mayer, 1979; Lipsky & Pedersen, 1981; Russell et a/., 1982) . Furthermore, individual polypeptides in the mitochondrial matrix have half-lives ranging from 20 h to over 100 h (Hare & Hodges, 19826) . Heterogeneous degradative rates have also been reported for polypeptides comprising the inner membrane and even for polypeptides of the same respiratory complex (Hare & Hodges, 1982~) .
The heterogeneous turnover rates of proteins embedded in the inner membrane or localized within the matrix might be explained either by selective proteolytic action within the organelle or perhaps by secretion of short-lived polypeptides for degradation in the cytosol. We have shown that mammalian mitochondria (like bacteria or the cytosol of animal cells) contain a proteolytic pathway capable of complete hydrolysis of proteins to amino acids (Desautels & Goldberg, 1982~; Desautels, 1985) . This system seems to be localized to the mitochondrial matrix, but the resulting amino acids are released by the organelle into the medium. This pathway was shown to selectively degrade mitochondrial proteins with abnormal conformations, such as incomplete polypeptides that have incorporated puromycin or that have been synthesized in the absence of nuclearly encoded subunits (Fig. I ) (Desautels & Goldberg, 1 9 8 2~; Nascimento et ni., 1983) . This proteolytic system may also be responsible for the rapid turnover of certain short-lived mitochondrial enzymes and may be involved in the slow turnover of the whole organelle (Rapoport et nl., 1982).
An important and intriguing feature of protein degradation in bacterial and animal cells is a requirement for ATP (a) or presence (h) of puromycin (2pgiml). The labelled precursor was removed and the washed mitochondria were incubated with or without ATP (3mM) and an ATP-regenerating system. Rates of protein degradation were expressed as the percentage o f radioactivity initially present in mitochondrial proteins that were released into acid-soluble form. From Desautels & Goldberg (19x2~). . Polypeptides synthesized in isolated mitochondria are very labile, presumably because they lack complementary subunits or cofactors normally supplied by the cytosol. They are rapidly eliminated, with half-lives of less than 60min, provided ATP is present (Fig.  I ). This nucleotide may be generated by oxidative phosphorylation or may be transported into the organelle (Desautels & Goldberg, 1982~) . Even if ATP is present, the disappearance of these polypeptides is inhibited by low concentrations of vanadate, a potent inhibitor of various ATPases (Macara et al., 1980) . These experiments therefore indicate that ATP hydrolysis is probably required within the organelle for some initial steps in the breakdown of these labile polypeptides (Desautels & Goldberg, 1982~) . Recently, chloroplasts from higher plants also have been found to contain a similar pathway for protein breakdown that requires ATP hydrolysis (Liu & Jagendorf.
1984; Malek et a/., 1984).
There has been a marked progress recently in our understanding of the role of ATP in proteolysis in bacterial and mammalian cells. Two distinct mechanisms seem to account for this ATP requirement. In reticulocytes, Hershko, Ciechanover and co-workers have presented strong evidence that ATP is required for an initial recognition reaction, in which protein substrates are modified by ligation to a small polypeptide, ubiquitin. This process seems to enhance their susceptibility to cytosolic proteinases (Hershko & Ciechanover, 1982 We have found that the energy requirement for proteolysisin mitochondria alsodepends upon the activity of a novel ATP-requiring proteinase (Desautels & Goldberg, I982h), as was found in bacteria. This labile enzyme has been extensively purified from the rat liver mitochondrial soluble fraction. It is a large endoproteinase ( M , SSOOOO), active at alkaline pH and capable of hydrolysing proteins (e.g. casein or globin), but only in the presence of Mg?+ and ATP. Several observations indicate that this enzyme is involved in the breakdown of labile polypeptides synthesized by isolated mitochondria. Hydrolysis of ATP is required for enzyme activity. as was found for proteolysis in the intact organelle. Non-hydrolysable ATP analogues cannot replace ATP. Furthermore, vanadate blocks its activity at the same concentrations that inhibit protein breakdown in intact mitochondria (Desautels & Goldberg. 19826) .
The exact role of ATP in the enzyme is still a major unanswered question, although a number of intriguing observations have been made. Like protease La from E. co/i (Waxman & Goldberg, 1982) , the mitochondrial enzyme has an ATPase activity that co-purifies with its proteolytic activity (Desautels & Goldberg, 1982~) . These two hydrolytic processes appear closely coupled. They show the same K , for ATP, and inhibition of ATP hydrolysis with vanadate also prevents proteinase activity (Desautels & Goldberg, 1982~) . The enzyme's ATPase activity is very low in the absence of proteolysis, but is stimulated up to six-fold by the presence of various proteins (M. Desautels, L. Waxman & A. L. Goldberg, unpublished work), as was observed previously for protease La (Waxman & Goldberg, 1982) . Recently, a fluorogenic peptide substrate (glutaryl-AlaAla-Phe-MNA) has been found that is cleaved by both the mitochondrial and bacterial enzyme in an ATP-dependent fashion (Goldberg et al., 1984; M. Desautels, L. Waxman & A. L. Goldberg, unpublished work) . Although such fluorogenic peptides appear to be degraded at the same site on the proteinase as large protein substrates, the latter do not inhibit peptide hydrolysis. On the contrary, proteins such as casein actually increase severalfold the hydrolysis of the small fluorogenic peptide. Thus, interaction of the proteinase with potential protein substrates seems to activate the enzyme (as monitored by peptide cleavage), just as they stimulate its ATPase activity. The finding that substrates can induce enzyme activation may help explain the selectivity of these important enzymes and their ability to degrade abnormal proteins without affecting many normal organelle proteins.
Although ATP and protein hydrolysis appear closely coupled, metabolic energy does not appear to be utilized in the cleavage of peptide bonds. In contrast with the degradation of proteins, which require concomitant ATP hydrolysis, this binding of ATP and Mg2+ alone is sufficient to allow cleavage of the fluorogenic tetrapeptide (Goldberg el al., 1984; M. Desautels, L. Waxman & A. L. Goldberg, unpublished work) . This finding suggests that binding of ATP and protein are early steps leading to an activation of the proteinase, while hydrolysis of the nucleotide is a later event that follows peptide bond cleavage and that leads to a temporary inactivation of the enzyme. Thus ATP-dependent proteolysis appears to be a multistep cyclical process involving repeated peptide bond and ATP cleavages until large proteins are degraded to acid-soluble material. Furthermore, the induction of proteolytic function by protein substrates would appear advantageous in ensuring that the proteinase does not hydrolyse crucial proteins in a non-selective way. In addition, such regulation of the enzyme's ATPase activity may help prevent the continuous depletion of the organelle's store of high-energy phosphates.
These features of the mitochondrial ATP-dependent proteinase appear identical with those previously described by Waxman and Goldberg for protease La ( Table 1 ; Goldberg et al., 1984; L. Waxman & A. L. Goldberg, unpublished work) . These extensive similarities are consistent with widely accepted views that mitochondria are derived from symbiotic bacteria. Furthermore, these similarities also suggest that the role elucidated for ATP is proteolysis in E. coli and liver mitochondria may be applicable to other living systems, where protein breakdown is also ATP-dependent, including yeast mitochondria, chloroplasts, other micro-organisms, and even the mammalian cytosol. It is noteworthy that one ATP-requiring step in the soluble cytosolic process is independent of ubiquitin conjugation, is sensitive to vanadate, and requires ATP hydrolysis (Tanaka et al., 1983 (Tanaka et al., , 1984 , as in mitochondria.
Regulatory peptides interact with specific receptors on the surface of target cells. Any molecules that are subsequently internalized are degraded by unknown intracellular mechanisms. However, a larger proportion of each peptide is degraded extracellularly, and this process is an important control mechanism since it is essential that the signal generated by a regulatory peptide should be of limited duration. The time scale may well vary for different peptides and at different target sites. While little is known of the rates of hydrolysis in the micro-environments of cell surfaces, it is known that the half-lives of injected peptide hormones in vivo are often remarkably short. Cell-surface peptidases are responsible for this rapid hydrolysis and these appear to have a wide distribution. So far, the apical brush-border membrane of the renal proximal tubule contains the highest concentration of membrane peptidases, which encompass a wide range of specificities that, in theory, should permit virtually complete hydrolysis of most simple peptides. Several of these peptidases are major components of the membrane and they have been isolated and characterized in considerable detail. A comparable battery of enzymes is known to be present on the brushborder of the small intestine, where they may be assumed to be involved in the final steps of protein digestion. The peptidases in brush-border membranes are ectoenzymes, with their bulk exposed at the external surface of the membrane. They are glycoproteins of large subunit size (in comparison with most other cytosolic or secreted proteinases and peptidases) and are usually dimeric (for reviews of their structure, topology and biosynthesis, see Kenny & Maroux, 1982; Danielsen et al., 1984) . One of this group of enzymes is endopeptidase-24.11 (EC 3.4.24.1 l), which in most species is the only endopeptidase in kidney microvilli, though a second has been observed in rat (Kenny et al., 1981) and some strains of mice (Benyon et al., 1981) . Endopeptidase-24.11 was first purified from rabbit kidneys (Kerr & Kenny, 1974a,b) and subsequently from rat kidneys (Varandani & Shroyer, 1977) , bovine pituitary (Orlowski & Wilk, 1981) , pig kidneys (Mumford et al., 1981; Fulcher & Kenny, 1983) , intestine (Fulcher et al., 1983) and brain (Relton et al., 1983) . In summary, the enzyme has a subunit M, of about 90000 and contains approx. 15% carbohydrate and one zinc atom at the active site. It hydrolyses peptide bonds involving the amino groups of hydrophobic residues provided that they are not N-or C-terminal. In this property, it resembles thermolysin and other microbial zincmetalloendopeptidases and, like them, is very susceptible to Abbreviations used : IRMA, immunoradiometric assay; CCK, cholecystokinin.
inhibition by phosphoramidon (Kenny, 1977) . While much is known about the structure of purified endopeptidase-24.11, only recently has it been possible to begin to understand its probable role.
Distribution of endopeptidase-24. I I in peripheral tissues and organs
There is no specific substrate for the endopeptidase, hence in crude tissue extracts it can be recognized only as a phosphoramidon-sensitive peptidase in an assay with a 'general' substrate such as 1251-insulin B chain (Kenny & Fulcher, 1983) . With membrane preparations, free of endogenous peptides, it is possible to use a simple substrate containing only a single susceptible bond, such as [DAla2,LeuS]enkephalin, the tripeptide product, Tyr-D-AlaGly, being identified by high-performance liquid chromatography (Matsas et al., 1983) . However, in tissues that are very abundant in peptidase activity, a more specific IRMA is preferable. A monoclonal antibody, GK7C2, has been characterized (Gee et al., 1983) and has enabled us (N. S. Gee, M. A. Bowes & A. J. Kenny, unpublished work) to set up an IRMA, the first stage of which is the absorption of GK7C2 by serially diluted homogenates, which are then subjected to a solid-phase IRMA (Gee et al., 1983) . The results of a survey of pig tissue are shown in Fig. 1 . Kidney is clearly the richest source, and the small intestine also contains considerable amounts, though most of this is concentrated in the jejunum and none was present in the stomach. However, lymph nodes contain more endopeptidase-24.11 than any region of the gut. The value in the histogram is the mean of 20 lymph nodes from newborn piglets. Assays of lymph nodes from adult pigs revealed higher activities. Moreover, we have observed considerable variability from node to node (compared with more consistent results with other tissues and organs) which suggests that the activity may relate to the functional state of the lymph node. In comparison with these three organs, the activity present in other sites is small, but glandular tissue, such as salivary glands, pancreas, anterior pituitary and adrenals, contains significant quantities. Tongue (which contains both lymphoid and salivary glandular tissue), spleen and thymus contain only very low levels, as does lung. In several tissues, no activity was detectable by the IRMA. Chondrocytes harvested from articular cartilage contained high activity, which diminished rapidly during subsequent culture of the cells. Fig. 2 shows the distribution by IRMA in membrane fractions prepared from brain pituitary and spinal cord. The same fractions were also assayed with [~-Ala~,Leu~]enkephalin, and the phosphoramidon-sensitive component correlated well with these IRMA results (r = 0.98). The first point to note is that, even in the richest regions, the activity for the membrane fractions is about 1% of that of the kidney
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